Graphene, the reincarnation of a surface, offers new opportunities in catalytic applications, not only because of its peculiar electronic structure, but also because of the ease of modulating it. A vast number of proposals have been made to support this point, but there has been a lack of a systematic understanding of the different roles of graphene, as many other reviews published have focused on the synthesis and characterization of the various graphene-based catalysts. In this review, we surveyed the vast literature related to various theoretical proposals and experimental realizations of graphene-based catalysts to first classify and then elucidate the different roles played by graphene in solid-state heterogeneous catalysis. Owing to its one-atom thickness and zero bandgap with low density of states around Fermi level, graphene has great potential in catalysis applications. In general, graphene can function as a support for catalysts, a cover to protect catalysts, or the catalytic center itself. Understanding these functions is important in the design of catalysts in terms of how to optimize the electronic structure of the active sites for particular applications, a few case studies of which will be presented for each role.
Introduction

Graphene in Solid-State Catalysis
Graphene, a single-atom-thick two-dimensional (2d) material, has attracted enormous interest because of its great potential in electronics originating from its high electrical conductivity and unique electronic structure with zero bandgap [1] [2] [3] [4] [5] . However, over the years, this ultra-stable and inert material has gradually found its way as a rising star in catalysis [6] [7] [8] [9] [10] [11] . In general, a catalyst can be thought of as being composed of two parts, namely, the active site, where the reaction takes place, and the surrounding environment, which plays the role of tuning the electronic structure of the active center to optimize its catalytic activity while maintaining structural integrity during the harsh operating conditions. There have been many theoretical proposals and experimental realizations of the application of graphene in heterogeneous catalysis, but the roles of graphene in catalysis can be easily classified according to this dichotomy, i.e., graphene either forms part of the environment in which the catalytic center is, functioning as a support or a cover, or it is the catalytic center. Figure 1 . Different roles of graphene in graphene-based solid-state catalysts. Graphene can act as a support for catalysts, a cover that protect the underneath catalysts, and a catalytic center of a catalyst.
Graphene as a Support
When functioning as a support, graphene can support either nano-or atomic-scale catalysts, as depicted in Figure 2 . There are essentially four classes of graphene-supported catalysts based on the foreign atoms introduced: graphene confining (1) metallic nanoclusters/nanoparticles (M x /G); (2) single atoms including both metallic and non-metallic ones (M 1 /G); (3) single atoms-N x moieties embedded in the graphene matrix (M 1 N x /G); and (4) single atoms or clusters supported by functionalized graphene such as graphene oxide (M x /GO) or reduced graphene oxide (M x /rGO). Regardless of the catalytic active species, graphene should anchor them well while functioning as a support.
Catalysts 2020, 10, x FOR PEER REVIEW 3 of 17 Figure 1 . Graphene can be an excellent support for catalysts because of the highly tunable interaction between graphene and the supported catalysts. Graphene itself can be a surprisingly good catalyst due to the highly tunable graphene-substrate interaction. Thanks to its stable structure and chemical inertness, graphene has also been used a wonderful protective cover in many catalysis applications. In the following subsections, each role of graphene will be clearly elucidated with specific examples. By and large, there are many more theoretical proposals and experimental realizations of graphenesupported catalysts than the other two. This may be partially attributed to the burgeoning field of single-atom catalysis, which have attracted considerable attention recently.
When functioning as a support, graphene can support either nano-or atomic-scale catalysts, as depicted in Figure 2 . There are essentially four classes of graphene-supported catalysts based on the foreign atoms introduced: graphene confining (1) metallic nanoclusters/nanoparticles (Mx/G); (2) single atoms including both metallic and non-metallic ones (M1/G); (3) single atoms-Nx moieties embedded in the graphene matrix (M1Nx/G); and (4) single atoms or clusters supported by functionalized graphene such as graphene oxide (Mx/GO) or reduced graphene oxide (Mx/rGO). Regardless of the catalytic active species, graphene should anchor them well while functioning as a support. It is well known that metal atoms catalyze the growth of carbon nanotubes, and that was the starting point when metal-carbon interactions were studied [24] . Hence, research in metallic species supported by graphene came as a natural extension from the studies that were first started with carbon nanotubes and fullerenes because they were discovered earlier. It has now been accepted that the adsorption of metallic atoms on pristine graphene, i.e., having adatoms on pristine graphene, can be used to tune the electronic structure of graphene [25, 26] . As an example, transition metal atoms adsorbing on graphene can turn the material magnetic, which is particularly interesting for graphenebased electronic and spintronic devices [27] . It was found that the bonding between metal adatoms and graphene can be either ionic or covalent. In the case of those from groups 1, 2 and 13 of the Periodic Table, ionic bonding dominates the interaction, which is characterized by the significant It is well known that metal atoms catalyze the growth of carbon nanotubes, and that was the starting point when metal-carbon interactions were studied [24] . Hence, research in metallic species supported by graphene came as a natural extension from the studies that were first started with carbon nanotubes and fullerenes because they were discovered earlier. It has now been accepted that the adsorption of metallic atoms on pristine graphene, i.e., having adatoms on pristine graphene, can be used to tune the electronic structure of graphene [25, 26] . As an example, transition metal atoms adsorbing on graphene can turn the material magnetic, which is particularly interesting for graphene-based electronic and spintronic devices [27] . It was found that the bonding between metal adatoms and graphene can be either ionic or covalent. In the case of those from groups 1, 2 and 13 of the Periodic Table, ionic bonding dominates the interaction, which is characterized by the significant charge transfer from the adatoms to graphene, while leaving the electronic states of graphene largely unperturbed [28] [29] [30] . Such adatoms make good agents for the electron-doping of graphene. On the other hand, it was found that the bonding between graphene and adatoms of transition, noble and group 14 metals is covalent due to strong hybridization of their electronic states upon adsorption [25, 26, 28, 30, 31] .
Regardless of the bonding, generally, metal-graphene interactions are 'weak' and will thus lead to aggregation and formation of metal nanoclusters, as was first pointed out in 2005 by Sun et al., in their theoretical study [32] . This clustering of the metal atoms was subsequently validated in experiments [33, 34] . Notice that when we describe the interactions between adatoms on pristine graphene, we put the word 'weak' in inverted commas, because to say that such interactions are 'weak' can be misnomer as the calculated adsorption energies of certain metallic atoms such as Li, Co and Ni can be larger than 1.0 eV [26, 30, 31, 35] . Therefore, the origin of the instability of such atomically dispersed species on graphenic surfaces is actually due to the much greater cohesive energy of the bulk metal of the adatom being considered, as is evident from the fact that the adsorption energy is only a fraction of the corresponding cohesive energy [28, 30, 36, 37] . In addition, the low to moderate migration energies [38] confer high mobility to the adsorbates on the graphene, such that they tend to aggregate, which is undesirable. As such, the challenge here for graphene to be viable as a catalyst support is the tuning of the adsorbate-graphene interaction. To better anchor the foreign atoms, pristine graphene must therefore undergo specific treatment to increase its chemical reactivity, which will then improve the interaction between the active species and graphene, simultaneously stabilizing them and tuning their catalytic performance.
Vacancy Enhanced Graphene Reactivity
Structural or chemical defects are natural ways of modifying the local chemical properties of graphene and thus tuning the graphene-adsorbate interaction. While the most common intrinsic point structural defect occurring in graphene is a double vacancy (DV), as it is more thermodynamically preferred [39] , the simplest one is a single vacancy (SV). Vacancies can serve as a trap for incoming atoms and nanoclusters. Various clusters and single atoms, including non-metallic ones, have been shown to adsorb more exothermically in the vacancies. The effect of a vacancy is that it disrupts both the σ bonding and π bonding of the surrounding carbon atoms, leaving them undercoordinated with dangling bonds. This dangling bond effect gives rise to localized states near the Fermi level, as observed in the local density of states probed by scanning tunneling spectroscopy, which corresponds to protrusions around the SV when surveying the topography of the surface using a scanning tunneling microscope [40] . Hybridization between these states and the electronic states of the adsorbates results in larger adsorption energies of the adsorbates compared to the cohesive energy on graphene which can reduce the mobility of adsorbates on graphene, thus decreasing the diffusion barrier and the probability of the aggregation.
This was supported by the theoretical study by Okamoto in 2006, which reported that the metal nanoclusters could be made less labile when anchored on defective graphene, although without further analysis [13] . Later, the dynamics of atomically dispersed Au and Pt were studied experimentally by Banhart and co-workers [41, 42] . From their in-plane diffusion measurements, they deduced that the migration energies of Au and Pt on defective graphene at 600 • C were both approximately 2.5 eV, with the value of migration energy of Au being supported by theoretical calculations [43] . In addition, the binding energy of an Au atom to the defective graphene is enhanced by at least 20 times [27] . Such results are indicative that the stability of adsorbates on defective graphene is dramatically improved. Significant charge redistribution takes place between the adsorbed cluster or atom and Catalysts 2020, 10, 53 5 of 17 defective graphene at the interface, altering the electronic structure of the adsorbates, and thus making them suitable catalysts.
Nanoscale catalysts. Perhaps the first experimental work on graphene-supported nanocluster catalysis came in 2009 reporting on Pt subnanoclusters electrocatalyzing methanol oxidation reaction with an unusual high activity [44] . This then spurred more studies investigating the reason behind the enhanced catalytic activity adsorbates supported by defective graphene. Zhou et al. was the earliest systematic computational study on the catalytic properties of supported nanoclusters on defective graphene [45] . It was pointed out that the origin of the greatly enhanced chemisorption of metal clusters is the strong interaction between the SV in graphene and the adsorbed metal clusters (as demonstrated in Figure 3 ) due to the defect-induced breaking sp 2 of the bonding of the graphene, leading to the strong hybridization between carbon 2p and Au/Pt 5d orbital around the defect, inducing interfacial charge transfer and hence a significant change in the electronic structures of the clusters. Such changes then optimize their catalytic properties. The exothermic adsorption of O 2 molecules on the metal clusters with elongated O-O bond lengths and the oxidation of CO to CO 2 only require an energy barrier smaller than 0.3 eV to be overcome for the four systems. In comparison, without the monovacancy in graphene, O 2 does not adsorb on the Au clusters on pristine graphene, and thus the reactivity of the Au clusters supported on defective graphene was concluded to be defect-induced.
Catalysts 2020, 10, x FOR PEER REVIEW 5 of 17 molecules on the metal clusters with elongated O-O bond lengths and the oxidation of CO to CO2 only require an energy barrier smaller than 0.3 eV to be overcome for the four systems. In comparison, without the monovacancy in graphene, O2 does not adsorb on the Au clusters on pristine graphene, and thus the reactivity of the Au clusters supported on defective graphene was concluded to be defect-induced. Consequently, Ramasubramaniam and co-workers studied various Pt nanoclusters on graphene, with various defects giving similar conclusions with regard to CO oxidation reaction [46] [47] [48] . The enhanced adsorption of the nanoclusters due to the strong hybridization of the adsorbates with the dangling bonds of neighboring carbon atoms in the vicinity of the vacancy also holds for other nanoclusters, such as Fe13 [49] , Al13 [49] , Nin (n = 1-6) [50] and Con (n = 2, 4, 6) [51] . The hybridization thus leads to interfacial charge transfer, which is the general explanation of the higher catalytic activities of the supported metallic nanoclusters.
Single-atom catalysts. Lu et al. first carried out a DFT study on how a single atom embedded in graphene with an SV can result in support-induced catalysis. A single gas-phased Au atom has an electronic configuration of 5d 10 6s 1 . It was found that when an Au atom substitutes for a C atom, the dopant atom transfers the charge to the neighboring atoms, resulting in a positively charged Au dopant with the 6s orbital and the spin-down components of the top 5d orbital become empty. On the other hand, the spin-up components of the top 5d orbital of Au and 2p orbital of neighboring C atoms are partially filled and are localized around the Fermi level, which dominate the magnetic moment of the system, as shown in Figure 4 . It was then predicted that the two-step CO oxidation will preferentially proceed via a Langmuir-Hinshelwood (LH) step with an activation energy of only 0.31 eV, followed by Eley-Rideal (ER) step involving an activation energy 0.18 eV. Detailed analysis of the reaction mechanism revealed that the partially occupied 5d states originating from the Au dopant play an important role in the catalytic activity. Upon the co-adsorption of O2 with CO on Au, Au transfers electrons to the initially half-filled 2π* orbital of O2, resulting in the empty 5d orbital of Au and the spin up component of 2π* orbital being populated. The O-O bond in O2 elongates, which facilitates the facile oxidation of CO, for which the activation of O2 is often the rate-limiting step. Consequently, Ramasubramaniam and co-workers studied various Pt nanoclusters on graphene, with various defects giving similar conclusions with regard to CO oxidation reaction [46] [47] [48] . The enhanced adsorption of the nanoclusters due to the strong hybridization of the adsorbates with the dangling bonds of neighboring carbon atoms in the vicinity of the vacancy also holds for other nanoclusters, such as Fe 13 [49] , Al 13 [49] , Ni n (n = 1-6) [50] and Co n (n = 2, 4, 6) [51] . The hybridization thus leads to interfacial charge transfer, which is the general explanation of the higher catalytic activities of the supported metallic nanoclusters.
Single-atom catalysts. Lu et al. first carried out a DFT study on how a single atom embedded in graphene with an SV can result in support-induced catalysis. A single gas-phased Au atom has an electronic configuration of 5d 10 6s 1 . It was found that when an Au atom substitutes for a C atom, the dopant atom transfers the charge to the neighboring atoms, resulting in a positively charged Au dopant with the 6s orbital and the spin-down components of the top 5d orbital become empty. On the other hand, the spin-up components of the top 5d orbital of Au and 2p orbital of neighboring C atoms are partially filled and are localized around the Fermi level, which dominate the magnetic moment of the system, as shown in Figure 4 . It was then predicted that the two-step CO oxidation will preferentially proceed via a Langmuir-Hinshelwood (LH) step with an activation energy of only 0.31 eV, followed by Eley-Rideal (ER) step involving an activation energy 0.18 eV. Detailed analysis of the reaction mechanism revealed that the partially occupied 5d states originating from the Au dopant play an important role in the catalytic activity. Upon the co-adsorption of O 2 with CO on Au, Au transfers electrons to the initially half-filled 2π* orbital of O 2 , resulting in the empty 5d orbital of Au and the spin up component of 2π* orbital being populated. The O-O bond in O 2 elongates, which facilitates the facile oxidation of CO, for which the activation of O 2 is often the rate-limiting step. Following this work, many theoretical predictions were made with different substitutional dopant metallic atoms, including Fe [52] [53] [54] , Cu [55] , Pt [56] , Al [57] [58] [59] , Zn [59] , Co [59] , Ni [59] , Sn [60] , Mo [61] , Pd [62, 63] , W [64] , Mn [65] , and Cr [66] , and including non-metallic ones such as Si [67, 68] , N [69] , P [69, 70] , Ge [58] , demonstrating that such graphene support atoms are excellent thermocatalysts for CO oxidation, where the catalytic centers are at the dopants. By no means is this list exhaustive. It is also worthy of note that besides O2, other small molecules such as H2, CO, NO2, NH3 and H2O2 have been predicted to be able to chemisorb on graphene by forming covalent interactions with the doping atom [15, 17, 18, 37] . This would suggest that such simple M1/G may not be limited only to catalyzing the CO oxidation reaction.
Early experimental realizations of confining single atoms in the graphene matrix were mostly limited to doping graphene with either nitrogen or boron either during graphene synthesis or posttreatment, because of the potential applications of N-doped and B-doped graphene in electronics. In addition, such nonmetal-doped carbon nanotubes have been recognized as promising metal-free catalysts for oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER) [23, 71] . Nevertheless, most metal-free graphene-based catalysis has concentrated on N-doped systems, probably due to the difficulty in the fabrication of B-doped graphene catalysts [23] . A peculiarity in N-doped graphene is that the active sites are generally the carbon atoms in the vicinity of the dopant. As nitrogen is more electronegative, electrons are depleted from the C atoms, but the single atom-induced activity in N-doped graphene originates from the back-donation of the lone pair of electrons on N to the C atoms surrounding the N atom, increasing the electron density on the C atoms, as reflected as bright regions in STM measurements [72] .
When graphene is substitutionally doped with nitrogen, it can result in four major types of nitrogen atoms, embedded in the graphene lattice according to their chemical environment, namely, graphitic, pyridinic, pyrrolic, and pyridine oxide like, depending on the method used in their synthesis [73, 74] . In the selective oxidation of benzylic C-H bonds [73] and the epoxidation of transstilbene [74] , Ma and co-workers synthesized N-doped graphene. It was found that the higher the nitrogen content, the higher both the catalytic activity and the yield of the desired product, and in particular, the catalyst with 8.9% nitrogen content gave a selective oxidation of ethylbenzene a conversion of 98.6% and a 91.3% yield of the product, with the N dopants occupying the graphitic positions preferentially. Some light was shed on the superior catalytic performance of X-ray absorption spectroscopy (XAS) by studying the reaction progress, with the authors concluding that the superior catalytic activity of N-doped graphene compared to the undoped one was due to the promotion of the formation of reactive peroxide-like species in the selective oxidation, inducing a greater degree of C-H activation. It was found from the DFT simulations that the peroxide-like species preferentially adsorbed onto the ortho-carbon over the other two types of carbon and could not be adsorbed onto the N dopant. After adsorption, the ortho-carbon protrudes out of the graphene plane, supported by the decreased π* adsorption in the C K-edge XAS spectra. Following this work, many theoretical predictions were made with different substitutional dopant metallic atoms, including Fe [52] [53] [54] , Cu [55] , Pt [56] , Al [57] [58] [59] , Zn [59] , Co [59] , Ni [59] , Sn [60] , Mo [61] , Pd [62, 63] , W [64] , Mn [65] , and Cr [66] , and including non-metallic ones such as Si [67, 68] , N [69] , P [69, 70] , Ge [58] , demonstrating that such graphene support atoms are excellent thermocatalysts for CO oxidation, where the catalytic centers are at the dopants. By no means is this list exhaustive. It is also worthy of note that besides O 2 , other small molecules such as H 2 , CO, NO 2 , NH 3 and H 2 O 2 have been predicted to be able to chemisorb on graphene by forming covalent interactions with the doping atom [15, 17, 18, 37] . This would suggest that such simple M 1 /G may not be limited only to catalyzing the CO oxidation reaction.
Early experimental realizations of confining single atoms in the graphene matrix were mostly limited to doping graphene with either nitrogen or boron either during graphene synthesis or post-treatment, because of the potential applications of N-doped and B-doped graphene in electronics. In addition, such nonmetal-doped carbon nanotubes have been recognized as promising metal-free catalysts for oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER) [23, 71] . Nevertheless, most metal-free graphene-based catalysis has concentrated on N-doped systems, probably due to the difficulty in the fabrication of B-doped graphene catalysts [23] . A peculiarity in N-doped graphene is that the active sites are generally the carbon atoms in the vicinity of the dopant. As nitrogen is more electronegative, electrons are depleted from the C atoms, but the single atom-induced activity in N-doped graphene originates from the back-donation of the lone pair of electrons on N to the C atoms surrounding the N atom, increasing the electron density on the C atoms, as reflected as bright regions in STM measurements [72] .
When graphene is substitutionally doped with nitrogen, it can result in four major types of nitrogen atoms, embedded in the graphene lattice according to their chemical environment, namely, graphitic, pyridinic, pyrrolic, and pyridine oxide like, depending on the method used in their synthesis [73, 74] . In the selective oxidation of benzylic C-H bonds [73] and the epoxidation of trans-stilbene [74] , Ma and co-workers synthesized N-doped graphene. It was found that the higher the nitrogen content, the higher both the catalytic activity and the yield of the desired product, and in particular, the catalyst with 8.9% nitrogen content gave a selective oxidation of ethylbenzene a conversion of 98.6% and a 91.3% yield of the product, with the N dopants occupying the graphitic positions preferentially. Some light was shed on the superior catalytic performance of X-ray absorption spectroscopy (XAS) by studying the reaction progress, with the authors concluding that the superior catalytic activity of N-doped graphene compared to the undoped one was due to the promotion of the formation of reactive peroxide-like species in the selective oxidation, inducing a greater degree of C-H activation. It was found from the DFT simulations that the peroxide-like species preferentially adsorbed onto the ortho-carbon over the other two types of carbon and could not be adsorbed onto the N dopant. After adsorption, the ortho-carbon protrudes out of the graphene plane, supported by the decreased π* adsorption in the C K-edge XAS spectra.
On the other hand, doping with metallic atoms into graphene is challenging. Traditional technology, such as ion implantation, a large-scale site-selective doping method employed in semiconductor processing, met with little success, as it was difficult to achieve fine spatial control [75] . Higher efficacy was achieved when Zhang and co-workers devised a two-step process. Vacancies are created when C atoms are first knocked out by bombarding them using high-energy ions, which are then filled up by desired dopants [19] . However, defect formation is only sporadic and lacks spatial control. Warner and co-workers later improved on the method employed in defect creation by using aberration-corrected transmission electron microscope (AC-TEM) in knocking out the C atoms in graphene with a 10 × 10 nm 2 spatial control, but also allows in situ monitoring, without the need for removing the sample from vacuum [76, 77] . All in all, vacancies indeed function as trap sites filled by dopants that were initially diffusing on the surface of graphene, and the stability of the dopants, at least under room conditions, was ensured due to the much larger binding energies of the metal-vacancy complexes. While these two groups successfully achieved the atomic doping of graphene, the dopants were observed to undergo limited migration to adjacent lattice sites. This means that the doping concentration of these atoms cannot be too high, or the atoms will be too close to each other and may aggregate and sinter to form clusters while undergoing limited migration.
Recently, there have been reports on the fabrication of atomically dispersed metal atoms or metal dimers in the graphene matrix [78] [79] [80] [81] [82] . Of these, two groups have reported that the catalytic centers for their reactions were predominantly carbon-coordinated Ni atoms [81, 82] . These Ni atoms were found to be anchored in various graphene defects and remained stable after a sustained period of operation without significant reduction in catalytic activities. Some others reported the successful embedding of metal atoms and dimers into the graphene matrix, but advanced characterization techniques reveal that metallic species were embedded with the help of anchor atoms [78] [79] [80] . The use of foreign atoms as anchors will be covered in the following subsection.
Anchor Atoms to Stabilize the Supported Atomic Scale Catalysts
Use of anchor atoms can further stabilize the dopant due to the formation of stronger dopant-anchor atom bonds than dopant-carbon bonds, and this can effectively immobilize the dopant atoms on the condition that carbon can also form strong bonds with these anchor atoms. As such, the anchor atoms act as 'mediators', which not only form strong interactions with carbon atoms, but also the dopant atoms. Oxygen and nitrogen are species that can be used as anchor atoms from the common knowledge that C-O and C-N bonds are particularly strong and stable in organic chemistry, giving rise to various homologous series with compounds that are either oxygen-or nitrogen-containing.
As mentioned earlier, there have been several reports on the successful embedding of metallic species, which is possible with the help of O atoms as anchors [78] [79] [80] . The O atoms were intentionally introduced during the synthesis process to stabilize the metal single-atom catalysts supported on graphene, as sketched in Figure 5 , where O atoms were used to anchor Co single-atom catalysts [74] . By extension, exploiting graphene derivatives may be a good alternative to prevent aggregation of the single atoms or metal clusters since the heteroatoms present may also function as anchoring functional groups for the adsorbates. Taking graphene oxide (GO) as an example, it was earlier demonstrated that GO may serve as better support for iron atoms [83] or metal clusters [84] for CO oxidation, because neither defect needs to be introduced, nor does strain need to be applied. graphene, as sketched in Figure 5 , where O atoms were used to anchor Co single-atom catalysts [74] . By extension, exploiting graphene derivatives may be a good alternative to prevent aggregation of the single atoms or metal clusters since the heteroatoms present may also function as anchoring functional groups for the adsorbates. Taking graphene oxide (GO) as an example, it was earlier demonstrated that GO may serve as better support for iron atoms [83] or metal clusters [84] for CO oxidation, because neither defect needs to be introduced, nor does strain need to be applied. The possibility of using N-doped graphene to use a substrate to confine the dopants within the layer was proposed as early as 2008 by Kim and Jhi [36] . They claimed that the adsorption energies of Sc, Ti, V atoms exceed the corresponding bulk metal cohesive energy and the dopants can therefore remain atomically dispersed. However, with the exploration of utilizing graphitic carbon nitride (g-C 3 N 4 ) in catalysis, several groups turned to this particular N-doped graphene to anchor dopant atoms. The first report was probably on Pd embedded in g-C 3 N 4 , which showed good catalytic performance for the hydrogenation of alkynes and nitroarenes [85, 86] . However, it was recently reported that g-C 3 N 4 generally can support a lower loading than graphene owing to its much stronger interlayer interactions [83] . Readers who are interested in g-C 3 N 4 -doped systems for catalysis are advised to consult other reviews found elsewhere [9, [87] [88] [89] .
Additionally, g-C 3 N 4 , metal-N x moieties are also commonly found in nature in macrocyclic organic molecules like porphyrin and phthalocyanine. Such compounds have proved to be very versatile and exhibit high tailorability, as the N x pore can be filled with different metallic ions while maintaining the structural integrity. The design of M 1 N x /G catalysts can be interpreted as M 1 N x embedded in the graphene framework, experimentally showing that catalytic active species are effectively immobilized [90] [91] [92] . Deng et al. reported the anchoring of a Fe atom in the graphene matrix by four surrounding N atoms via high-energy ball milling of iron phthalocyanine molecules and graphene [90] . Advanced characterization techniques did not show any aggregation of Fe, and the Fe 1 N 4 moieties seemingly filled in the graphene divacancies, as shown in Figure 6 . The catalyst synthesized showed high activity and selectivity for the oxidation of benzene to phenol. From a first-principle study, Si atoms anchored by four surrounding N atoms in the graphene matrix also showed good thermal stabilities in the molecular dynamics simulations and predicted to function as an efficient catalyst for CO oxidation [93] . The use of anchor atoms introduces another degree of freedom in the design of graphene-supported catalysts, which giving rise to different ratios of metal to nitrogen when nitrogen atoms are used [92, 94] , and possibly modulating the catalytic performance [94] . The possibility of using N-doped graphene to use a substrate to confine the dopants within the layer was proposed as early as 2008 by Kim and Jhi [36] . They claimed that the adsorption energies of Sc, Ti, V atoms exceed the corresponding bulk metal cohesive energy and the dopants can therefore remain atomically dispersed. However, with the exploration of utilizing graphitic carbon nitride (g-C3N4) in catalysis, several groups turned to this particular N-doped graphene to anchor dopant atoms. The first report was probably on Pd embedded in g-C3N4, which showed good catalytic performance for the hydrogenation of alkynes and nitroarenes [85, 86] . However, it was recently reported that g-C3N4 generally can support a lower loading than graphene owing to its much stronger interlayer interactions [83] . Readers who are interested in g-C3N4-doped systems for catalysis are advised to consult other reviews found elsewhere [9, [87] [88] [89] .
Additionally, g-C3N4, metal-Nx moieties are also commonly found in nature in macrocyclic organic molecules like porphyrin and phthalocyanine. Such compounds have proved to be very versatile and exhibit high tailorability, as the Nx pore can be filled with different metallic ions while maintaining the structural integrity. The design of M1Nx/G catalysts can be interpreted as M1Nx embedded in the graphene framework, experimentally showing that catalytic active species are effectively immobilized [90] [91] [92] . Deng et al. reported the anchoring of a Fe atom in the graphene matrix by four surrounding N atoms via high-energy ball milling of iron phthalocyanine molecules and graphene [90] . Advanced characterization techniques did not show any aggregation of Fe, and the Fe1N4 moieties seemingly filled in the graphene divacancies, as shown in Figure 6 . The catalyst synthesized showed high activity and selectivity for the oxidation of benzene to phenol. From a firstprinciple study, Si atoms anchored by four surrounding N atoms in the graphene matrix also showed good thermal stabilities in the molecular dynamics simulations and predicted to function as an efficient catalyst for CO oxidation [93] . The use of anchor atoms introduces another degree of freedom in the design of graphene-supported catalysts, which giving rise to different ratios of metal to nitrogen when nitrogen atoms are used [92, 94] , and possibly modulating the catalytic performance [94] . 
Strained-Enhanced Graphene Reactivity
Zhou et al. proposed that pristine graphene could achieve the requirements as a good catalytic support for metal clusters just by applying a moderate biaxial tensile strain along the zigzag and armchair directions [95] . Comparing the band structures of pristine graphene and graphene subjected to a 5% strain, graphene under strain remains gapless, as the symmetry between two sublattices is not broken. The width of the bands is noticeably smaller for the graphene under strain, and the decrease in band width is due to the weaker interaction among the carbon atoms, as they are further apart under strain, which was confirmed for the π and π* bands near the Fermi energy, which 
Zhou et al. proposed that pristine graphene could achieve the requirements as a good catalytic support for metal clusters just by applying a moderate biaxial tensile strain along the zigzag and Catalysts 2020, 10, 53 9 of 17 armchair directions [95] . Comparing the band structures of pristine graphene and graphene subjected to a 5% strain, graphene under strain remains gapless, as the symmetry between two sublattices is not broken. The width of the bands is noticeably smaller for the graphene under strain, and the decrease in band width is due to the weaker interaction among the carbon atoms, as they are further apart under strain, which was confirmed for the π and π* bands near the Fermi energy, which determines the chemical reactivity of graphene by considering a single-orbital (C 2p z ) nearest-neighbor tight-binding model.
Of the five clusters considered-Pt 4 , Ag 7 , Pd 9 , Al 13 and Au 16 -only Pt 4 and Pd 9 can be anchored on pristine graphene with significant adsorption energies (>1.0 eV), while the rest are only weakly adsorbed. When a strain is applied, the cluster-graphene distance decreases, and the adsorption energy of the clusters increases with increasing amount of strain; the onset of significant energy changes occurs at 5% for all clusters, indicating the strain-enhanced stabilization of the metal clusters. Such stabilization can be understood from the increase in the chemical reactivity of graphene when strain is applied. While the π binding between the carbon atoms in graphene is weakened, it is significant enough to strengthen the interaction between the carbon 2p z orbital and molecular orbital of adsorbed clusters. Such enhancement in adsorption was also observed experimentally [96] .
The authors then focused on the analysis of the chemisorption and the catalytic activities of the Au 16 clusters, which is intriguing. The moderate amount of strain reverses the charge transfer from the graphene to the Au 16 cluster. While supported on graphene without strain being applied, the cluster is slightly negatively charged and chemically inactive towards O 2 adsorption. When the strain was applied to graphene, the cluster became positively charged, shifting the HOMO of Au 16 above Fermi level, as shown in Figure 7 . Furthermore, the band structure of graphene was distorted, breaking the π and π* bands at the Dirac point, inducing a band gap of around 0.4 eV. This is evidence for the significant strain-induced Au 16 -graphene interaction, allowing chemisorption of O 2 , decreasing the energy barrier for the CO oxidation reaction from~3.0 eV in the gas phase to less than 0.2 eV. The strain-induced activity of graphene-supported catalysts has been used to explain experimental findings [96] , but the direct experimental evidence of strain effects in graphene catalysis is still missing thus far.
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Graphene as a Cover
As mentioned earlier, the extensive conjugation of the p orbitals and the low density of states as a result of the zero bandgap result in the structural stability and chemical inertness of pristine graphene. The chemical inertness of graphene can in fact be useful in providing an effective overlay over precious and nonprecious metal catalysts against harsh reaction media, modulating the reactivity of the active sites beneath it. The modulation of the reactivity of the active sites in heterogeneous catalysis is similar to a concept in enzymatic systems, where the matrices of the catalytically active atoms play an important role in adjusting the geometric configurations in order to induce a change in the electronic structure of the catalyst atoms such that they are optimal for the 
As mentioned earlier, the extensive conjugation of the p orbitals and the low density of states as a result of the zero bandgap result in the structural stability and chemical inertness of pristine graphene. The chemical inertness of graphene can in fact be useful in providing an effective overlay over precious and nonprecious metal catalysts against harsh reaction media, modulating the reactivity of the active sites beneath it. The modulation of the reactivity of the active sites in heterogeneous catalysis is similar to a concept in enzymatic systems, where the matrices of the catalytically active atoms play an important role in adjusting the geometric configurations in order to induce a change in the electronic structure of the catalyst atoms such that they are optimal for the catalysis, i.e., the matrix induces the catalyst atoms to be in the entactic state.
Earlier studies on the catalytic properties of the nanocavities in zeolitic systems and metal-organic frameworks (MOFs), which are zero-dimensional (0d), and in carbon nanotubes, which are one-dimensional (1d), reveal that the adsorption of small molecules is modulated by the nest effect and quantum confinement effect. However, in comparison with 2d confined spaces, those with 0d and 1d natures are not structurally well-defined, and it is therefore difficult for them to be aptly theoretically modelled or experimentally investigated with advanced characterization techniques. Firstly, the 2d cover should be able induce the quantum confinement effect, which reduces the chemical reactivity of the catalytically active species, thus achieving optimization of the adsorption of target molecules and simultaneously alleviating the degradation of the catalyst in harsh operating environment. With graphene as the first 2d material discovered, graphene spearheaded a whole new direction of chemistry under 2d cover.
In the studies of CO intercalation involving graphene grown on Pt(111) surface by Bao and coworkers, it was found that upon exposure to CO, the gas intercalates at the interface and adsorbs on Pt [97] . A weaker adsorption of CO was observed with the graphene cover than adsorption on free Pt. This was confirmed by the fact that CO desorbs at a much lower temperature with the graphene cover than without cover. Similarly, oxygen intercalation was studied in graphene in Ru(0001) by Sutter and coworkers, and it was found that the graphene cover can also weaken the adsorption of oxygen on Ru(0001), allowing desorption to take place at a lower temperature [98] . These studies indicate that the space between graphene and the metal substrate can function as a nanoreactor for chemical reactions to take place, as illustrated in Figure 8 . Using CO oxidation as a probe, not only does the cover weaken the adsorption of CO on Pt, which alleviates the problem of the CO poisoning effect, thereby inhibiting the catalytic sites, it also induces the weakening of the C-O bond in adsorbed CO and promotes the formation of O-CO bond in the CO oxidation reaction by transferring electrons from the carbon atoms of graphene directly above the CO to the CO and O adsorbates [97] . In the studies of CO intercalation involving graphene grown on Pt(111) surface by Bao and coworkers, it was found that upon exposure to CO, the gas intercalates at the interface and adsorbs on Pt [97] . A weaker adsorption of CO was observed with the graphene cover than adsorption on free Pt. This was confirmed by the fact that CO desorbs at a much lower temperature with the graphene cover than without cover. Similarly, oxygen intercalation was studied in graphene in Ru(0001) by Sutter and coworkers, and it was found that the graphene cover can also weaken the adsorption of oxygen on Ru(0001), allowing desorption to take place at a lower temperature [98] . These studies indicate that the space between graphene and the metal substrate can function as a nanoreactor for chemical reactions to take place, as illustrated in Figure 8 . Using CO oxidation as a probe, not only does the cover weaken the adsorption of CO on Pt, which alleviates the problem of the CO poisoning effect, thereby inhibiting the catalytic sites, it also induces the weakening of the C-O bond in adsorbed CO and promotes the formation of O-CO bond in the CO oxidation reaction by transferring electrons from the carbon atoms of graphene directly above the CO to the CO and O adsorbates [97] . The typical height of such nanoreactors, i.e., the distance between graphene and the metal substrate, is around 3 Å. This means that the intercalating species should be small enough for graphene to exert a quantum confinement effect in modulating their adsorption and desorption on the metal substrate. This implies that such chemistry under cover is only restricted to catalyzing reactions involving small molecular species. To extend the applicability of graphene-based solid-state catalysts to a greater variety of reactions, the catalytic activity of graphene should be tuned such that reactions can take place directly on the exposed graphene surface.
Graphene Itself as a Catalyst: Substrate Engineering of Graphene Reactivity
To tune the electronic properties of graphene such that the carbon atoms can directly act as the The typical height of such nanoreactors, i.e., the distance between graphene and the metal substrate, is around 3 Å. This means that the intercalating species should be small enough for graphene to exert a quantum confinement effect in modulating their adsorption and desorption on the metal substrate. This implies that such chemistry under cover is only restricted to catalyzing reactions involving small molecular species. To extend the applicability of graphene-based solid-state catalysts to a greater variety of reactions, the catalytic activity of graphene should be tuned such that reactions can take place directly on the exposed graphene surface.
To tune the electronic properties of graphene such that the carbon atoms can directly act as the catalytic center, substrate engineering seems a plausible and promising way, because graphene is only one atomic layer thick. When impurity atoms (IAs) or defects are introduced at the surface of the substrate, charge redistribution occurs, and the local chemical properties of graphene are modulated.
One key advantage is that graphene can be grown on an appropriate substrate, and the substrate can be engineered before or after growth for catalytic purposes, avoiding the need for graphene exfoliation and transfer, which retains the high quality of graphene grown. Such facile activation of graphene makes it relevant in industrial applications, as it avoids complicated synthetic processes, while at the same time enabling growth of large areas of graphene with a high concentration of active sites. Today, the two most common approaches for large-area graphene synthesis are chemical vapor deposition over metal crystals and high-temperature annealing of hexagonal silicon carbide (h-SiC), rather than simple mechanical exfoliation, which produces small and irregular graphene flakes.
For the former graphene growth method, there are three classes of three metal substrates that graphene can be grown over, including strongly interacting ones, e.g., Ru(0001) and Rh(111), weakly interacting ones, e.g., Au(111) and Pt(111), and finally metal substrates like Ir(111) and Pd(111), which lie in between the spectrum from the strongly interacting ones to the weakly interacting ones. When graphene interacts strongly with the metallic substrate, significant hybridization occurs, which not only induces buckling and corrugation of the carbon overlay, but also leads to the disappearance of the characteristic Dirac cones in graphene. At the other end of the spectrum, graphene only physisorbs on weakly interacting metal surfaces, while preserving the linear dispersion at Dirac points.
To illustrate the activation of graphene via substrate engineering, Zhang and coworkers turned to graphene on Ru(0001) as the study system [11] , as Ru is one of the best substrates for graphene growth, and the system has been clearly elucidated [99, 100] . The graphene binds strongly to Ru(0001) and is n-doped, but the significant lattice mismatch of graphene on Ru(0001) gives rise to moiré patterns. To account for the moiré pattern, four possible high-symmetry configurations of gr/Ru(0001), i.e., fcc-top, hcp-top, fcc-hcp, and bridge-top, in which the carbon atoms are stacked differently on top of the Ru atoms, were considered. It was found that graphene in fcc-top, hcp-top and bridge-top configurations bound strongly to the Ru, with significant charge transfer from the substrate to the graphene. On the other hand, graphene only adsorbs very weakly onto Ru in the fcc-hcp configuration, as there is no visible charge redistribution. Nevertheless, the graphene in all four configurations remained inert towards oxygen.
To engineer the substrate, introduction of a point defect in the substrate, in the form of either an IA and SV, was investigated. It was found that Au, Au, Cu and Zn dopants, and a V in the interfacial Ru layer, were able to activate graphene for all configurations except for the fcc-hcp ones. By plotting the charge redistribution plots superimposed on the optimized atomic structures, the defect weakened the bonding between these affected C atoms and the substrate, resulting in a weaker graphene adsorption compared with undoped cases for the fcc-top, hcp-top and bridge-top configurations. For the fcc-hcp case, the introduction of either IA or SV had negligible effects on graphene due to the weak interaction between graphene and the substrate, and hence will not be considered further from this point onwards.
It is expected that the defect induced charge transfer to create a local region in the supported graphene with different chemical properties from other parts. This activates graphene, inducing chemisorption of O 2 on graphene only on those local regions. The chemisorption was confirmed by three indicators: the significant adsorption energies of O 2 on the activated graphene (Eads), the gaining of a significant amount of charge by the more electronegative O 2 molecule from graphene (∆Q), and the elongation of the O-O bond compared to the calculated gas-phase value of 1.24 Å (d O-O ). Furthermore, density of states (DOS) analysis revealed that the electrons gained by O 2 filled its 2π* orbital, which is its lowest unoccupied molecular orbital (LUMO). Noting that O 2 is magnetic, the electrons transferred from the graphene entered the antibonding LUMO, pulling it down to below Fermi energy, eliminating the magnetism and lengthening the O-O bond after adsorption. The bond elongation implies the activation of the O 2 molecule. The catalytic activity is then studied with the oxidation of CO as the probe reaction. In all cases, a complete cycle of the catalyzed oxidation proceeds with a two-step Eley-Rideal (ER) mechanism since the CO molecule does not bind onto the supported graphene. The first step involves the oxidation of one CO to CO 2 , which approaches the adsorbed O 2 from gas phase. CO (g) + O 2 (ads) → CO 2 (g) + O (ads). Another CO then approaches the leftover adsorbed O atom, forming CO 2 , regenerating the clean surface. CO (g) + O (ads) → CO 2 (g).
From this study, some points can be highlighted. Firstly, the substrate chosen should interact strongly with graphene that is n-doped. Secondly, the dopant (or vacancy) should have a weaker interaction with the graphene than the substrate to induce charge redistribution from the defect to the carbon atoms just above the defect, enabling the donation of electrons to the incoming oxygen molecules from the gas phase. When the substrate underneath is substitutionally doped with an IA, as illustrated in Figure 9 , such systems can be considered a novel type of single-atom catalyst, inducing the catalytic activity first by facilitating the charge transfer from the dopant to the carbon atoms.
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Conclusions
Reactions happen on the surface of traditional three-dimensional catalysts and therefore giving rise to the term, 'surface catalysis'. The discovery of the first two-dimensional material, graphene, represents the reincarnation of the surface, which, in fact, has widened the horizon of the field of surface catalysis, with graphene being a rising star in terms of its potential applications in catalysis. We pointed out that the vast number of papers related to graphene-based solid-state catalysts found in the literature is no accident, but can be attributed to the peculiar electronic structure of graphene (zero bandgap with low DOS around Fermi level) and the ease of its modulation due to its being only one atom thick. One of the key issues in graphene-based catalysis is to find an effective yet practical way to activate chemically inert graphene. Vacancies, impurity atoms, and substrate engineering have been discussed as tools for activating graphene. Additionally, the concept of single-atom catalysis is another frontier of catalysis, and the marriage of both graphene and single-atom catalysis has achieved significant success. Over the course of the years, as the experimental technique matures, the fabrication of such graphene-supported single-atom catalysts has become plausible, but the lack of fine control is still the limiting factor that prevents its industrial application. As a result, other aspects of graphene have been scrutinized, and it has been found that in addition to acting as a support, graphene can also act as a cover over metallic substrates, modulating the reactivity of the surface beneath the cover. Finally, the local chemical properties of epitaxial graphene can be tuned via substrate engineering, whereby the graphene can be turned as the active center. It is hoped that this is a timely review summarizing the different roles played by graphene in solid-state catalysis.
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